ABSTRACT: I analyzed data on stomach contents of sockeye salmon Oncorhynchus nerka and oceanographic variables collected during 1956 to 1964 in order to assess the spatial and temporal patterns of salmon feeding and growth in the Gulf of Alaska. A 2-stage statistical model was used to develop a feeding index, calculated as the product of feeding probability (assessed using the presence/absence of gut contents of individuals collected at each site) and stomach fullness (prey weights transformed to account for temperature-dependent gastric evacuation and allometry). Combining these results with simple bioenergetic principles, I conclude that the reduction in salmon biomass during spring observed along the southern periphery of the Gulf can be explained by an equally sharp reduction in growth potential. This feature demarcates a region (between latitude 58 and 55°N) that is favorable to sockeye growth, as demonstrated by an order of magnitude change in salmon growth potential over a narrow range of sea surface temperatures (ca. 6 to 7°C). This pattern results from the combined effects of trends in feeding probability and stomach fullness across this temperature gradient. I documented a significant trend of larger fish in cooler water during spring, which might have been related to body size dependent competitive interactions. The trend was reversed in summer, with larger fish in warmer water, perhaps due to the availability of preferred prey (e.g. squid) and directional swimming behavior characteristic of sockeye spawning migration. Assuming salmon are growth-optimizers in this environment, my results suggest that winter residency for sub-adults is restricted to north of latitude 54°N. Furthermore, peaks in feeding and growth shifted from a central position in the gulf during spring toward the southeast during summer, with an attendant increase in forage quality. I hypothesize that these patterns are likely to be important in drawing maturing British Columbia salmon toward their natal rivers and providing the energy needed to fuel their costly river migration during mid-summer. 
INTRODUCTION
While the general patterns of distribution and migration of Pacific salmon in marine environments have already been documented, we still lack a clear understanding of these patterns from an ecological perspective. We now know that salmon are not distributed uniformly in the subarctic Pacific Ocean (e.g. McKinnell 1995 , Welch et al. 1995 , 1998 , Nero & Huster 1996 . Furthermore, we know that planktonic prey distribution and the dietary habits of salmon are dynamic in space and time (e.g. LeBrasseur 1966 , Pearcy et al. 1984 , Manzer 1986 , Brodeur & Ware 1992 , 1995 , Rand & Hinch 1998 . While various models have been developed to explore migration and bioenergetic processes of salmon on the high seas (e.g. Hinch et al. 1995a ,b, Rand et al. 1997 ), these models are critically deficient in mechanistic details related to foraging. While many data exist on patterns of spatial distribution and diet composition of marine salmon, I contend that there has been very little emphasis on using these data to construct models to help advance our understanding of how migration and habitat selection can be perceived as an adaptive strategy (Healey 2000 , Rand 2000 . It is in this spirit that I present a hypothesis involving habitat selection by marine salmon based on an extensive oceanographic data set on salmon dietary habits and environmental variables.
Many factors have been identified as important in influencing the distribution and migration patterns of marine salmon, including sea surface temperature, currents, different biological properties of water masses, and salmon feeding and migration behavior (cf. Burgner 1991) . However, it remains unclear how these factors interact to influence habitat quality for salmon in this environment. Welch et al. (1995) advanced a hypothesis to explain how sea surface temperatures serve to limit the southern distribution of salmon in the Northeast Pacific. Welch et al. (1998) used this relationship to project the potential impact of global climate change on the marine habitat for Pacific salmon. These authors concluded that the most likely explanation for the observed distribution patterns is a direct behavioral avoidance of temperatures exceeding some critical threshold. An alternative hypothesis is that salmon are distributed in the Gulf in a manner that maximizes individual rates of growth. In this case, salmon are expected to adopt behaviors (specifically migratory and foraging behaviors) that would tend to maximize growth rate and, ultimately, fitness (cf. Houston et al. 1988 ). This growth-maximization hypothesis was discounted by Welch et al. (1998) on the premise that growth rate could not show such a strong functional response over such a narrow temperature range. However, one must consider the potential interaction between temperature and ecological processes that may influence feeding performance. Feeding and ultimately growth may be strongly influenced by frontal zones in marine ecosystems (cf. Mann & Lazier 1991 , Brandt 1993 . Amna et al. (1990) documented a marked reduction in chlorophyll south of latitude 48°N along a transect at Longitude 180°W, suggesting the existence of such a frontal feature. LeBrasseur (1966) and Pearcy et al. (1988) both document a boundary between latitude 50 and 54°N that separates high zooplankton densities (north) and elevated squid abundance (south) as reflected in salmon dietary data. This latitude is above the boundary of the Transition Zone in the North Pacific and corresponds closely with the southern limit of sockeye salmon as described by Welch et al. (1995) . It is likely that temperature and salmon food availability covary along this latitudinal gradient. Salmon distributed along this frontal feature are likely to experience different foraging opportunities and metabolic demands. This could have implications on salmon distribution and migration behavior on the high-seas.
I investigate this growth-maximization hypothesis by conducting an analysis of stomach contents of sockeye salmon collected throughout the Gulf of Alaska. I set out to accomplish several objectives in this paper: (1) To determine factors that help explain variability in feeding probability and degree of stomach fullness in sockeye salmon in the Gulf of Alaska by fitting statistical models to dietary data; (2) to compute feeding and growth indices based on the best-fit statistical models and bioenergetic principles to explain important temporal and spatial patterns in habitat quality; (3) to draw inferences on how these patterns may influence the distribution and migration behavior of salmon during their marine life history. In this paper I advance an alternative hypothesis of growth optimization that can explain the sharp thermal limits during spring reported by Welch et al. (1995 Welch et al. ( , 1998 . Furthermore, I extend this hypothesis to document potentially important shifts in the habitat quality of salmon during winter and summer that have implications for understanding adaptive migration strategies in Pacific salmon.
MATERIALS AND METHODS
Stomach contents and sea surface temperature. I summarized patterns observed in stomach contents of Oncorhynchus nerka and sea surface temperature within the Gulf of Alaska during 1956 to 1964. These data were available from the Department of Fisheries and Oceans, Pacific Biological Station at Nanaimo, British Columbia (LeBrasseur 1965). The sampling was extensive in space (latitude 46 to 60°N, longitude 125 to 160°W) and time (1956 to 1964, winter, spring and summer over a diel cycle). Salmon for the diet survey were collected using gill nets. The catches were quick frozen on board and held in cold storage boxes for later examination in the laboratory. The weight of the salmon was determined to the nearest 10 g. I restricted the analysis to salmon larger than 500 g; this cutoff was chosen in order to focus the analysis on subadult salmon that had migrated to offshore waters. The weight of the stomach contents was determined to the nearest 0.1 g by weighing the intact stomach (from esophagus to pyloric sphincter), removing the contents, and reweighing the empty stomach. The difference in these 2 weights represented the weight of the stomach contents. Additional details of the sampling protocol can be found in LeBrasseur (1965 LeBrasseur ( , 1966 .
Statistical model and response variables. I applied a statistical approach involving 2 separate models; a similar approach is described in Stefansson & Palsson (1997) and Maravelias (1999) . The first model considered stomachs as either empty or nonempty (assigning values of 0 or 1, respectively) and I assumed a binomial error distribution (response variable PF = probability of feeding, hereafter referred to as the 'probability of feeding model'). For the second model, I considered only nonempty stomachs. The response variable in this case was a measure of stomach fullness (P = percentage of a daily maximum rate predicted under laboratory conditions) to reflect recent feeding history in the field (hereafter referred to as the stomach fullness model). For this latter model, I assumed a Gaussian error distribution. I used 3 different transformations of the response variable. I used an exponential model to correct for the temperature dependence of gastric evacuation rate, an allometric relationship for maximum consumption rate to account for body size, and a log transformation to normalize the data. The computation is as follows:
where SW = raw wet weight of stomach contents in g, γ = a temperature dependent gastric evacuation rate parameter (0.114, from Elliot 1991), SST = sea surface temperature (°C), BW = body weight of salmon in grams, α = intercept of weight-dependent maximum consumption rate (0.303, from Beauchamp et al. 1989) , and β = allometric coefficient for maximum consumption (0.72, from Beauchamp et al. 1989) . I chose to use the results of Elliot (1991) for the evacuation rate parameter because his study presents the most exhaustive set of evacuation experiments conducted on a salmonid. The parameter chosen reflects a mixed natural diet of invertebrates and fishes, which closely resembles that of sockeye. The prediction of Elliot's model at 10°C compares favorably with the rate measured during ship-board experiments conducted on long-line caught pink salmon Oncorhynchus gorbuscha (Hiramatsu et al. 1996) . Under the assumption that the form of the relationships between the response variables and the explanatory variables in this analysis would probably be nonlinear, I fit the data to a generalized additive model (GAM) of the form:
(probability of feeding model), or:
where PF = probability of a stomach containing prey items (0 or 1, as described above), µ = mean response, WT = total weight of salmon (g), LAT = degrees north latitude, LNG = degrees west longitude, YR = year of sampling, DOY = day of year, and TOD = time of day, a categorical variable reflecting when the sampling took place (DN = dawn, DY = day, NT = night, or some combination thereof). The 's ' term in the model refers to a spline smoother applied with 3 df. I included the year of data collection in the analysis to account for interannual variability in the response variables. I include a description of the effect of year in the 'Results' section, but it is beyond the scope of this paper to draw conclusions regarding inter-annual variation in feeding and growth measures. I applied the GAM to the entire data set, i.e. all salmon were analyzed in the probability of feeding model, and all salmon containing prey items were included in the analysis using the stomach fullness model. I then fit the GAM to subsets of the data set for which there were sufficient samples to describe seasonal spatial patterns. Data from 2 winter cruises were combined (January and February 1963 and 1964) . I analyzed dietary data for spring periods (April and May 1962 and 1963 ) and a summer period (June and August 1962). I computed an Akaike Information Criterion (AIC) statistic to determine an appropriate form of the model. I considered both linear and nonlinear representations of the effect of the explanatory variables on the response variables (Eq. 2). I stepped through alternative forms of the model (3 different permutations: variable included or removed, variable effect assumed linear, variable effect assumed nonlinear) and selected the model that resulted in the greatest decrease in the AIC using the stepgam procedure in S-Plus 2000 (Insightful Corporation), computed as follows:
where D = residual deviance, df = effective degrees of freedom used in fitting the model, and φ is the dispersion parameter residual sum of squares divided by residual degrees of freedom. I provide estimates of the contribution of each predictor to the overall model fit using a t-ratio statistical inference (similar to the approach in generalized linear models) and an estimate of the nonlinear effect for each of the continuous explanatory variables using a nonparametric F-ratio test statistic. Further details of this statistical approach can be found in Hastie & Tibshirani (1990) . These analyses were conducted using S-Plus 2000.
Feeding and growth indices. Using the most appropriate form of the statistical model derived above, I modeled probabilities of feeding and degree of stomach fullness over time (winter, spring and summer) and space (latitude 48 to 60°N, longitude 125 to 160°W) using values of independent variables that were found to be significant in the GAM (SST, WT, LAT, LNG, DOY, TOD, defined above for Eq. 2). I focused the analysis for the spring period on data collected during 1963 based on more extensive sample coverage. To help confirm that results from this data set can be generalized, I repeated the analysis for spring 1962 to determine if the same spatial patterns were evident. I first selected grid points (latitude and longitude coordinates) within a convex hull around the salmon diet sampling stations for each seasonal period. I then used the GAM (with latitude and longitude as covariates) to interpolate values of SST and mean sockeye body size onto this spatial grid for each data set. These gridded variables were used to predict feeding probability and stomach fullness using the reduced form of the GAM described above (Eq. 2). I normalized the stomach fullness predictions across the grid by assigning a value of unity to the maximum stomach fullness prediction and proportionally scaling the remaining values. I then computed an integrated feeding index based on these response variables from the GAM. The feeding index (FI) was derived by taking the product of the 2 response variables identified above (FI = PF × P, scaled from 0 to 1). Thus, this index represents a normalized instantaneous measure of consumed prey expressed as a proportion of maximum daily consumption rate conditioned on the probability of observing fish actively engaged in feeding.
The resulting values of FI were used to compute a growth rate index (GRI = FI × CMAX-LOSSES, where CMAX = maximum daily consumption rate (g per g body wt d
-1 ) and LOSSES = daily losses due to egestion, excretion and metabolism). This metric is similar to the 'growth rate potential' espoused by Brandt et al. (1992) , but in the present context the terms that limit consumption in the energy balance equation were derived in a more empirical way based on data drawn from the diet survey. I accounted for bioenergetic losses based on an existing model of sockeye salmon (Beauchamp et al. 1989) . Although I refer in the paper to measures of feeding and growth, it should be recognized that the resulting predictions Table 1 . Oncorhynchus nerka. Summary of parameter estimates to be applied to explanatory variables and statistical tests for generalized additive model (GAM) on sockeye salmon dietary data (pooled over prey types and seasons). Probability of feeding model: null deviance = 4525.6 on 3483 df, residual deviance = 3956.14 on 3458 df, quasi-likelihood dispersion parameter = 1, R 2 = (4525.6 -3956.1)/4525.6 = 0.13; stomach fullness model: null deviance = 4061.1 on 2252 df, residual deviance = 3432.5 on 2226 df, quasi-likelihood dispersion parameter = 1.542, R 2 = (4061.1 -3432.5)/4061.1 = 0.16. SST: sea surface temperature; DOY: day of year; TOD: time of day; DN: dawn; DY: day; NT: night; ns: not significant of the feeding and growth indices are relative measures, and should not be considered a prediction of absolute rates.
RESULTS

Pooled data
All 7 explanatory variables were retained in the GAM that achieved the best fits ( Table 1 ). All of the continuous variables, except LAT, were best represented by nonparametric spline smoothers in the probability of feeding model. There was a negative effect of SST (Fig. 1) on feeding probability. The effect of WT on feeding probability increased significantly to an asymptote at approximately 3 kg, with higher variability at weights exceeding 4 kg (Fig. 1) . The effects of LAT and LNG were significant but weak (Fig. 1) . Feeding probabilities increased steadily during 1956 to 1960, and remained high through 1964 (Fig. 1 ). Probabilities of feeding were low during the winter months, and elevated in spring and late summer (Fig. 1 ). TOD had a significant effect on feeding probability, with the highest feeding probabilities exhibited during the NT and NT + DN periods (Fig. 1) .
All independent variables were entered into the model for stomach fullness (Table 1 ). The effect of SST, YR and TOD showed different patterns relative to feeding probability. Stomach fullness showed a strong, positive, linear relationship with SST (Fig. 1) . While feeding probability was low in the early period of the time series (Fig. 1) , stomach fullness was high relative to the later years ( Fig. 1) . Stomach fullness was higher during DN + DY and DY than in NT samples, which is opposite relative to the diel pattern in feeding probability. The percentage of variance accounted for by the feeding probability and stomach fullness models was 13 and16%, respectively (Table 1) .
Feeding as a function of season
During winter, SST, WT and LNG had a significant effect on feeding probability (Table 2 ). Both SST and WT were entered into the model as linear effects, with the former parameter having a negative effect and the latter parameter a positive effect (Fig. 2) . The LNG effect was nonlinear, with high feeding probabilities along the eastern boundary of the study area (Fig. 2) . Only SST and YR were entered into the model to explain stomach fullness patterns during winter (Table 2) . SST had a significant nonlinear effect on stomach fullness. Stomach fullness was low between 4 and 4.5°C (Fig. 3) . The feeding probability model accounted for 29% of the variance in the data, while 26% of the variance was explained by the stomach fullness model. Plots showing effect of each of the explanatory variables on probability of feeding (top row) and stomach fullness (bottom row) in the generalized additive model, GAM (all data combined). Effect of variables were determined to be either nonlinear (using a spline smoother, s) or linear (using a partial correlation coefficient, partial) based on a reduced model determined by minimizing an Akaike information criterion statistic. The marks on the x-axis indicate sampling intensity.
SST Plots showing effect of each of the explanatory variables on probability of feeding in the GAM for winter (1963 and 1964 combined), spring (1962 and 1963), and summer (1962) . ns: not significant, explanatory variables were dropped from the model; Wt: weight; Long: Longitude; TmCd: timecode; further details as in Fig. 1 Explanatory For the spring of 1962, the reduced form of the feeding probability model included only the effect of DOY, and showed a linear reduction in the response variable over time (Table 3, Fig. 2 ). Both SST and LNG were included in the reduced model for stomach fullness during this period (Table 3) . Stomach fullness was high at temperatures of 6°C, and declined linearly from west to east (Fig. 3) . For the spring of 1963, the reduced form of the feeding probability model included the effects of SST, WT and TOD (Table 4) . SST had a negative effect on feeding probability, while WT had a positive effect (Fig. 2) . Feeding probability was higher during DN + DY than DY (Fig. 2) . SST, WT, LAT, DOY and TOD were all included in the reduced model for stomach fullness (Table 4 ). SST and DOY had a positive and negative linear effect, respectively, on stomach fullness, while WT and LAT had nonlinear effects (Fig. 3) . Stomach fullness decreased at lower WT and higher latitudes (Fig. 3) . The feeding probability and stomach fullness models accounted for 18 and 15% of the variance in the data, respectively.
WT, LAT, LNG and TOD were all retained in the final model to explain feeding probability during summer 1962 (Table 5 ). Both WT and LNG had a negative, linear effect on feeding probability (Fig. 2) . The probability of feeding at NT was higher than during DY. SST, LAT, and DOY were significant in predicting stomach fullness, with the former 2 showing nonlinear effects, and the latter a negative, linear effect (Fig. 3) . Stomach fullness appeared to peak at approximately 10°C (Fig. 3) . Salmon captured at lower latitudes exhibited higher stomach fullness than those in the northern region of the study area (Fig. 3) . The feeding probability and stomach fullness models accounted for 8 and 10% of the variance in the data, respectively. (1963 and 1964 combined), spring (1963) and summer (1962) Fig. 6 . Oncorhynchus nerka. Sampling stations and predictions of feeding probability during winter (1963 and 1964 combined), spring (1963) and summer (1962) in the Gulf of Alaska
Seasonal and spatial patterns in SST, body weights, feeding and growth indices
Sea-surface temperature trends during winter and spring showed a marked trend of cooler water in the northwest region of the gulf (ca. 4.5°C), grading to warmer temperatures in the southeast (ca. 6.5°C during winter, 7.5°C during spring: Fig. 4) . The patterns of surface temperatures differed during summer 1962. Temperatures were cool in the southwest (ca. 8°C), grading to warmer waters in the northeast (ca. 11°C). The interpolation of sockeye salmon body weights revealed that larger individuals were captured in the north central gulf during winter, in the northwest region during spring (for both 1962 and 1963) , and in the northeast during summer 1962 (Fig. 5) .
Prediction of feeding probability using the GAMs revealed a region of high feeding probability in the central gulf during winter, in the northwest region during spring 1963, and in the western regions during summer 1962 (Fig. 6) . Normalized stomach fullness predictions from the GAMs revealed peaks in the central part of the gulf during winter and spring 1963 and in the southeast during summer 1962 (Fig. 7) . The growth rate index, GRI (computed using the product of feeding probability and stomach fullness and accounting for bioenergetic losses), was highest in the central part of the gulf during winter and spring 1963 and in the southeast during summer 1962 (Fig. 8) . The region supporting positive growth potential (demarcated by the 'zero growth' isopleth) lay between latitudes 48°N and 55°N during spring 1963, and to the southeast during summer 1962 (Fig. 8) . GRI values were much more variable over latitude, with a noticeable reduction in GRI along the southern periphery of the gulf.
Accounting for bioenergetic losses in the GRI did not significantly alter the spatial patterns observed in FI. The latitudinal variations in FI observed particularly in winter and spring were driven in part by a distinct gradient of increasing mean size of sockeye from south 275 Fig. 7 . Oncorhynchus nerka. Sampling stations and predictions of stomach fullness during winter (1963 and 1964 combined), spring (1963) and summer (1962) in the Gulf of Alaska to north within the study area (recall that feeding probability and stomach fullness were positively related to body size during winter and spring, see 'Pooled data' and 'Feeding as a function of season'). Both FI and GRI was highest in the southeast during summer owing to the observed trends of increased stomach fullness at warmer temperatures and lower latitudes during summer. Spatial patterns of SST, WT, stomach fullness and GRI were generally consistent between spring 1962 and 1963. Water temperature during spring 1962 were somewhat elevated compared to 1963, but the spatial pattern was similar (Figs. 4 & 9) . The spatial pattern in body sizes of sockeye in the Gulf during spring 1962 was also similar to that observed in spring 1963 (Figs. 5 & 9) . While feeding probability was a function of DOY only, stomach fullness, FI and GRI were all higher in the northeast region of the gulf during spring 1962 (Fig. 9) . The pattern observed in GRI during spring 1962 was similar to that observed during spring 1963, with a strong latitudinal gradient and a sharp reduction in GRI along the southern periphery of the gulf (Figs. 8 & 9) .
DISCUSSION
Feeding and growth indices applied to sockeye salmon varied both temporally and spatially within the Gulf of Alaska. Feeding probability was highest during spring and summer, whereas stomach fullness was high during winter and spring. Larger sockeye exhibited higher values of feeding probability and stomach fullness during winter and spring, even after correcting for allometry. The trend for feeding probability was reversed during summer, presumably due to cessation of feeding prior to initiation of the spawning migration. The region of highest feeding and growth appears to shift spatially as a function of seasons. During the years examined, peak feeding and growth within the Gulf of Alaska shifted from a central position during winter and spring to a southeastern position during summer. This period spans approximately the last 6 to 7 mo of marine residency prior to initiation of the spawning migration for most stocks of sockeye salmon. Finally, GRI graded from positive to negative over a very narrow range of temperature (ca. 1°C) and latitude (< 3°). This pattern was particularly evident during spring. These results have a bearing on hypotheses involving the high-seas distribution of salmon and migration patterns. The patterns observed in FI and GRI during winter suggest a fitness advantage that can be gained by residency near the center of the gulf. This is in contrast with the conventional understanding of a southern distribution of sub-adults in the Gulf of Alaska during winter (reviewed in Burgner 1991) . Based on surveys conducted during December 1992 and January 1996 Welch et al. (1998) noted that salmon were generally restricted to waters cooler than 7.4°C, which suggests a more northern distribution of the fish during this time of year. This may point to an adaptive trait of northern migration late in the year prior to undertaking the spawning migration. The sampling during winter was limited (n = 183), thus the hypothesis regarding spatial patterns in habitat quality during this season needs to be further tested with additional data.
Values of FI and GRI were maximum near the central (during 1963) and northeastern (during 1962) regions of the gulf during spring. A band of elevated feeding and growth was located between latitude 52°and 55°N, which represents the boundaries of the Subarctic Current (Dodimead et al. 1963 ). I noted a marked decline in feeding and growth south of latitude 52°N. Both FI and GRI declined by an order of magnitude over approximately 1°C and 3°of latitude. The reduction in GRI along the northern, eastern and western boundaries of the study area estimated using the spring 1962 data were much less pronounced than that observed in the south. This suggests the existence of a strong frontal feature, and may help explain the existence of the sharp reduction in salmon catch rates across this region described by Welch et al. (1995 Welch et al. ( , 1998 . Welch et al. posited that the reduction in catch rates could only be explained by the existence of a behavioral avoidance of a threshold SST value. I contend a growth-optimization hypothesis is equally plausible based on the results reported herein. SST and prey availability probably covary near the southern boundary of suitable salmon habitat. The results of this study suggest that feeding success during spring declines markedly above approximately 7°C (or below latitude 52°N). This prey effect appears to have a much stronger influence on growth 277 Fig. 9 . Oncorhynchus nerka. Sampling stations, interpolations of sea surface temperatures and body weights, and predictions of stomach fullness and a growth index during spring 1962 in the Gulf of Alaska than the response of metabolism to temperature, given the narrow range of SST (ca. 1°C) observed along this front. By explicitly incorporating foraging dynamics into a bioenergetic analysis, one can construct a growth performance function that is assymetric with respect to sea surface temperature. This function, expressed spatially in Figs. 8 & 9 , provides a parsimonious explanation of the existence of this distinct southern boundary in the distribution of sockeye salmon during spring in the Gulf of Alaska. One should therefore be cautious about inferring changes in suitable habitat for salmon based solely on expected changes in SST resulting from climate change in the North Pacific. A better understanding of how these expected changes in climate may influence lower food-web dynamics appears to be of critical importance for projecting future shifts in suitable salmon habitats and growth rates in the marine environment. Hinch et al. (1995b) , for example, predicted lower growth rates of Fraser River sockeye salmon using a bionergetic modeling approach that incorporated both warmer SST and lower food availability based on expected reductions in wind-driven gyre upwelling. I found a distinct east-west band of favorable feeding and growth for sockeye salmon straddling latitude 52°N during the summer, with a peak in the southeastern region of the gulf. The southern band results from the importance of squid in this region, as noted elsewhere (LeBrasseur 1966 , Pearcy et al. 1988 . It should be noted that although the mean ration is elevated in this region, variability in feeding appeared to be high. This suggests a high, but more variable, energetic payoff resulting from foraging in this area. Squid distribution may be highly aggregated, and the observed patterns of variability in feeding probability and stomach fullness may result from this spatially heterogeneous distribution. Furthermore, Pearcy et al. (1988) also document that the squid Berryteuthis anonychus, found commonly in stomachs of salmon in the Subarctic Current, are substantially larger (mantle length range of 75 to 105 mm) than the species found in the Ridge Domain and Alaskan Current (Gonatus middendorffi, mantle length range 30 to 75 mm). These larger sized squid found in the Subarctic Current may represent a more significant source of energy for foraging salmon. In addition, squid are known to exhibit high caloric content relative to other salmon prey (Davis 1993) , underscoring the importance of this prey item during the latter part of their marine life history.
Salmon size appeared to be a strong predictor of feeding probability and stomach fullness. My feeding index incorporated an allometric relationship that standardized prey weights in the stomach (Eq. 1). Any further trend in this feeding index as a function of body weight can be interpreted within an ecological context. I found a very consistent asymptotic relationship in both feeding probability and stomach fullness with respect to body weight during winter and spring, suggesting some form of ecological limitation on feeding among small size classes of sockeye salmon (generally <2 kg). These fish probably face a higher mortality risk at small body sizes (e.g. see Furnell & Brett 1986) , and the body size -feeding relationship reported here is consistent with the hypothesis that smaller fish must actively trade-off foraging time with risk-aversion behaviors toward potential predators. Adopting these behaviors generally leads to latency in feeding and may result in significant energetic losses. This conclusion is speculative, but deserves continued investigation. The reversal of this trend in summer (negative effect of weight on feeding probability) suggests that the fish are maturing and cease feeding prior to making landfall at the initiation of their spawning migration.
The pattern of larger fish in cooler waters during the springs of 1962 and 1963 may be a result of body sizedependent competitive interactions. Hughes & Grand (2000) crafted a model that combines the Ideal Free Distribution (IFD) theory with physiological growth principles that help explain the common observation of larger fish occupying cooler waters. These authors hypothesize that if, in resource-limited environments, competitive abilities increase more slowly with increasing body size than maximum ration, then larger fish will tend to occupy cooler water as a means to reduce food demand. This size segregation during the spring was very striking in both years, with large fish (> 2.5 kg) occupying relatively cool waters (5.5 to 6°C) and smaller fish (ca. 1 kg) residing in waters > 7°C. This pattern appeared to be reversed during summer, with larger fish in warmer waters. This may result from the fact that squid represent an important diet item for larger fish, and squid are generally more available in the southern warmer waters of the Gulf of Alaska (described above). In addition, feeding by large adult salmon in warmer southern waters off the continental shelf may be accelerated in preparation for an energetically demanding spawning migration during midsummer. This increased feeding motivation could help explain the higher feeding and growth indices in the extreme southeastern region of the study area.
The use of GAMs in the present study provided a useful method of incorporating a number of potentially important variables. One problem with applying this type of approach to dietary data collected at fixed locations is violation of the assumption of independence of samples. This problem was identified by Stefansson & Palsson (1997) in their study of cod dietary habits (referred to in their paper as 'intra-haul correlation'). This may provide some explanation as to why the GAM did not account for a great deal of the the variability in the data (range 6 to 35%). I concur with Stefansson & Palsson (1997) that the GAM does not adequately address microscale variance in the data; however, the approach does provide a useful method of discerning the larger-scale patterns that were of interest in the present study. To help determine whether the violation of this sample-independence assumption may influence the conclusions drawn in this study, I conducted a separate analysis and calculated the proportion of fish feeding and the mean stomach fullness of fish observed with prey at each station. This effectively reduced my overall degrees of freedom in the analysis from 3817 to 383. I used a GLM and GAM to predict stomach fullness and my feeding index (in this case, proportion of fish at each station with observed prey in their stomach multiplied by mean stomach fullness of feeding fish). All explanatory variables in the stomach fullness model were significant (p ≤ 0.05), and all variables with the exception of weight displayed nonlinear effects. All the variables, with the exception of latitude, accounted for a significant amount of variance in FI (p ≤ 0.13 for latitude, p ≤ 0.05 for the remaining factors). WT and YR had a linear effect on FI, whereas the other significant variables showed nonlinear effects. The results of this conservative test suggest that the results reported herein are robust given the uncertainty in ascribing degrees of freedom in the statistical tests.
The low proportion of variance accounted for in the GAM analysis may also indicate that other unmeasured variables may be important in driving diet and feeding habits. For example, density of competitors (conspecifics and other fishes) may also help explain the observed variation in the dietary data. I did not explore effects of density-dependence of feeding and growth in this analysis because of uncertainty in using catch rates as a measure of predator density at each of the sampling stations. The role of density-dependence of growth during the salmon marine-life history has been debated for some years. I anticipate that our understanding will increase as a result of continued retrospective approaches contrasting oceanographic conditions across decadal time scales (e.g. see Tadokoro et al. 1996) . These regimes provide strong contrasts, from which ecologists can distinguish causal mechanisms that influence the growth and mortality of important fish stocks. An additional reason for not exploring density-dependent processes is the fact that movement and migration processes are highly dynamic phenomena owing to the swimming capacity of salmon and the recognized role of ocean currents in advection (Rand et al. 1997 . A more rigorous evaluation of the potential role of densitydependence requires a coupled data-modeling approach that can explore different migration patterns of salmon within the context of a physically and biologically dynamic ecosystem. It is hoped that this study will help spawn such efforts.
